Electrochemical biosensors for phenolic compound determination were developed by immobilization of tyrosinase enzyme in a series of methacrylic-acrylic based biosensor membranes deposited directly using a photocuring method. By modifying the hydrophilicity of the membranes using different proportions of 2-hydroxyethyl methacrylate (HEMA) and butyl acrylate (nBA), we developed biosensor membranes of different hydrophilic characters. The differences in hydrophilicity of these membranes led to changes in the sensitivity of the biosensors towards different phenolic compounds. In general biosensors constructed from the methacrylic-acrylic based membranes showed the poorest response to catechol relative to other phenolic compounds, which is in contrast to many other biosensors based on tyrosinase. The decrease in hydrophilicity of the membrane also allowed better selectivity towards chlorophenols. However, phenol biosensors constructed from the more hydrophilic membrane materials demonstrated better analytical performance towards phenol compared with those made from less hydrophilic ones. For the detection of phenols, these biosensors with different membranes gave detection limits of 0.13 -0.25 mM and linear response range from 6.2 -54.2 mM phenol. The phenol biosensors also showed good phenol recovery from landfill leachate samples (82 -117%).
Introduction
crosslinking with bifunctional agents, entrapment in polymer matrices and covalent binding to a functionalized support. 8 For the analysis of phenolic compounds, biosensors are alternative Among these, matrix entrapment seems to have advantages over techniques that are gaining popularity especially amperometric the others because of its simplicity, ease of transport of substrates phenol biosensors that are based on tyrosinase enzyme. [1] [2] [3] [4] [5] and products, and also less possibility of enzyme inactivation Mushroom tyrosinase is a tetrametric protein containing two during immobilization. active sites; each consists of two copper atoms coordinated with
In this paper, we have attempted to test the effect of histidines, and is known as a polyphenol oxidase or catecholase. hydrophilicity of the immobilization matrix, i.e. methacrylicThe enzyme catalyzes the hydroxylation of monophenols to o-acrylic membranes, on the response of tyrosinase based biosensors diphenols (monophenolase activity) by oxygen and also the towards several phenolic compounds. The intention is to oxidation of o-diphenols to o-quinones (catecholase activity). 6 demonstrate the possibility of modifying the sensitivity of a The enzymatic oxidation and the electrochemical reduction of the tyrosinase-based biosensor towards a range of phenolic compounds phenolic compounds form a reaction cycle that results in the by changing the hydrophilic properties of the immobilization amplification of the signal when phenolic compounds are matrix. present.
A combination of the monomers 2-hydroxyethyl methacrylate Although the specificity of enzymes in catalyzing reactions (HEMA) and butyl acrylate (nBA) was used to fabricate biosensor very often makes them attractive for biosensor application, many membranes that prossess various degrees of hydrophilic properties. studies have shown that tyrosinase based biosensors are selective HEMA that contains the hydroxyl group (-OH) confers to a range of phenolic compounds. It is more sensitive to catechol hydrophilicity whilst nBA confers hydrophobicity character to compared with other phenolic compounds such as phenol, p-the polymeric membrane. The advantages of using methacryliccresol and 4-chlorophenol, 1, 3, 7 and the sensitivity pattern of the acrylic types of immobilization matrix in biosensor applications biosensors towards the phenolic compounds, especially the higher have been demonstrated before. By controlling the hydrophilicity sensitivity to catechol, is always an intrinsic property that is behavior of a copolymer membrane based on 2-hydroxyethyl difficult to modify. methacrylate and methyl methacrylate, researchers showed that Immobilization of tyrosinase for biosensor application can be glucose oxidase enzyme could be directly immobilized without achieved through several procedures, including retention by an any leaching problem. 9, 10 The process of membrane preparation was possible via direct entrapment of the enzyme using a † To whom correspondence should be addressed.
photocuring procedure, a simple method that is rapid, solvent free E-mail: yhl1000@ukm.my; leeyookheng@yahoo.co.uk and can be performed at room temperature.
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importance of phenol as an environmental pollutant, the application of these biosensors, which are made up of various membranes was also assessed for phenol analysis.
Experimental
Reagents and chemicals Tyrosinase (EC 1.14.18.1, from mushroom), monomer 2-hyroxyethyl methacrylate (HEMA) and butyl acrylate (nBA) were purchased from Sigma. The photoinitiator 2,2-dimethoxy-2-phenylacetophenone (DMPP) phenol, 4-cholorophenol, 4-chloro-3-methylphenol, p-cresol and catechol (Analar grade) were obtained from Aldrich. The supporting electrolyte was 0.05 M phosphate buffer, prepared with KH2PO4 and 0.1 M KCl.
Apparatus
The electrochemical measurements were performed with an Autolab PGSTAT 12 Potentiostat. A one compartment cell with a working volume of 5 ml of 0.05 M phosphate buffer/0.1 M KCl was used. The working electrode was a carbon paste screenprinted electrode (Scrint Print, Malaysia) that was coated with tyrosinase containing copolymer film on an electrode area of 2 mm in diameter. An Ag/AgCl (3 M KCl) and glassy carbon electrodes (Metrohm) were used as reference electrode and counter electrode, respectively. The amperometric measurements were performed at -0.10 to -0.15 V versus Ag/AgCl for various biosensors of different membrane matrices.
Procedure for preparation of biosensor
Three types of polymeric membranes with different compositions according to weight percent were prepared: i.e. 100% HEMA (poly(2-hydroxyethyl methacrylate), pHEMA), 90:10% HEMA:nBA (HB91) and 80:20% HEMA:nBA (HB82). Individual mixtures containing various amounts of HEMA and nBA were mixed with 1.6% w/w of the photoinitiator DMPP. A solution consisted of 18.5 mg mL -1 tyrosinase was prepared in 0.05 M phosphate buffer/0.1 M KCl at pH 7.0 and 10 mL of this enzyme solution was mixed with 10 mL the monomer mixture before photocuring. Finally 5 mL of monomer-enzyme mixture was drop-coated onto the surface of a carbon paste electrode (optimized enzyme loading: 0.154 mg tyrosinase cm -2 ). The electrodes were then exposed to UV radiation (60 W) under continuous purging with nitrogen gas for 5 min to yield the respective biosensor films of pHEMA and copolymer film poly(2-hyroxyethyl methacrylate-co-butyl acrylate) HB91 and HB82.
Procedures of evaluation of water absorption and tyrosinase enzyme leaching
The water absorption ability of the biosensor membranes and the possibility of enzyme leaching were investigated by preparing membranes (5 mm diameter, thickness 1 mm) of pHEMA, HB91 and HB82 with and without immobilized tyrosinase using the photocuring procedure mentioned above. For water absorption studies, the membranes were exposed to 0.05 M phosphate buffer. The changes in weight of the membranes were then recorded every 5 min and the percentages of water content were then calculated as reported by Sivakumar et al. 12 The procedure for enzyme leaching evaluation was performed using polymeric membranes that have been immobilized with a known amount of tyrosinase. The membranes were first exposed to 0.05 M phosphate buffer/0.1 M KCl. At an interval of 5 min, a fixed volume of phosphate buffer was withdrawn and the solution was used for protein determination by Bradford reagent. The absorbance of the reagent was monitored at 595 nm using a Varian Cary 100 UV-Vis spectrophotometer. 10 
Procedure of electrochemical measurements
The characterization of the responses of biosensors, constructed from three different types of membranes, to several phenolic compounds (phenol, catechol, p-cresol, 4-chlorophenol and 4-chloro-3-methylphenol) was carried out by chronoamperometry where the intensity of current, corresponding to the electrochemical reduction of the quinone generated by the tyrosinase catalyzed reaction, was measured. An electrochemical cell containing 0.05 M phosphate buffer/0.1 M KCl under constant stirring at room temperature was employed. The effect of pH on the biosensor response was examined between pH 4.0 and 9.0 with 6.2 mM phenol, while the optimum potential for the biosensor operation was investigated over a potential range from -250 to -50 mV in the presence of 90 mM phenol.
Procedures for biosensor performance evaluation
Biosensors made from all three types of membranes were applied for the analysis of phenol as the main analyte. The limit of detection, linear response range, response time, reproducibility, long-term stability, recovery in real samples and comparisons with other method were assessed. The detection limits were calculated from three times the standard deviation, which was obtained based on measuring the blank seven times. The reproducibility and long-term stability of the biosensors were assessed using 18.2 mM phenol. For long-term stability study, the biosensors were stored under dry condition at 4°C and were tested periodically in a fixed concentration of phenol for 45 days. For the determination of phenol recovery of the biosensors, landfill leachate samples were used. The biosensor responses of the samples were first recorded and then the samples were spiked with 18.2 mM phenol before the response was again determined. All biosensors were also validated by using leachate samples spiked with 5 -30 mM phenol (n = 5). The response of the biosensor was also compared with that of a spectrophotometric method using 4-aminoantipyrine for phenol analysis. 13 
Results and Discussion

Hydrophilicity of pHEMA, HB91 and HB82 membranes
The water uptake property of pHEMA allows them to be classified as hydrogels. 14, 15 A hydrogel refers to a broad class of hydrophilic polymeric materials that swell extensively but do not dissolve in water. They consist of three-dimensional polymeric networks held together by cross-linked covalent bonds and weak cohesive forces in the form of either hydrogen or ionic bonds. 12 Such hydrophilicity makes them suitable for enzyme immobilization.
However, pHEMA alone tends to swell excessively after water is absorbed and this swelling resulted in the leaching of enzyme; thus many co-monomers were added to increase the cross-linking density, to reduce the swelling and to improve its mechanical properties. 16, 17 The hydrophilicity of pHEMA can be varied by preparing random copolymers containing hydrophilic and hydrophobic co-monomers. 18 Some examples are modification with polyacrylic acid 17 and copolymerization with methacrylic monomers. 19 The water absorption profiles for the polymer membranes pHEMA, HB91 and HB82 are shown in Fig. 1 . Among the three types of membranes, pHEMA showed the highest ability to absorb water and took the longest time to reach an equilibrium state, i.e. a maximum of 22% water absorption after 120 min exposure. This water absorption characteristic indicates that the pHEMA matrix is hydrophilic. 20 The introduction of hydrophobic Fig. 1 The water absorption profiles of three types of methacrylicacrylic copolymeric membranes (pHEMA, HB91 and HB82) for tyrosinase immobilization during the construction of biosensors for the detection of phenolic compounds (n = 3). monomer nBA into the pHEMA membrane has clearly led to a reduction in the water absorption capability of the matrix, e.g. both HB91 and HB82 demonstrated a reduction in percentage of water absorption to almost half of that observed in pHEMA, with HB82 showing the lowest water absorption when the amount of monomer nBA incorporated was the highest (Fig. 1) . Thus, by varying the amount of nBA in the membrane photocuring process, one can produce a matrix of lower hydrophilicity.
Tyrosinase leaching from membranes
The immobilization of tyrosinase is a crucial step in the fabrication of the biosensor. 21 The matrix should be able to provide a desirable microenvironment to retain the enzyme activity and to prevent enzyme leaching. A study using Nafion/ sol-gel silicate matrix for enzyme immobilization has demonstrated that a moderate hydrophobicity is necessary to maintain optimum tyrosinase activity. 1 In this work, tyrosinase is simply entrapped in the methacrylic-acrylic membranes during the photocuring process. Since there was no attempt to covalently bind the enzyme onto the matrix, leaching of enzyme could occur. Some leaching of enzyme was indeed observed from the three types of membranes fabricated (Fig. 2) . However, there were differences in the duration needed for tyrosinase leaching to occur. A membrane of pHEMA, because of its hydrophilicity, demonstrated measurable enzyme leaching after 20 min exposure to buffer solution but the less hydrophilic HB91 and HB82 took longer times for enzyme leaching to occur (35 min for HB91 and 45 min for HB82) (Fig. 2) . For the least hydrophilic HB82, there was indication that the maximum amount of tyrosinase leached out was close to 5%, which is much lower than the most hydrophilic membrane pHEMA, which is close to 14%. These results implied that membranes with slow and less enzyme leaching will be better for biosensor construction, since excessive leaching of enzyme may lead to deterioration of the biosensor performance. This observation is supported by similar studies where different types of polymeric membranes were used.
9,10,22
Effect of pH on biosensor response
Based on the use of 6.2 mM phenol, the biosensors constructed from all three types of membranes showed the same trend of response to phenol (Fig. 3) . It appeared that the best response of the biosensor was obtained when pH of the solution was at 7.0. Thus biosensor membranes of different hydrophilicities did not affect the optimum operating pH of the biosensor. In free tyrosinase, the amperometric response current reaches maximum values at the pH range of 4.5 < pH < 9.3 1 and the optimum pH observed in this work is similar to that of tyrosinase immobilized in aminophenyl modified boron-doped diamond (Tyr-AP-BDD) electrode. 23 Thus, pH 7.0 was used throughout in this work for the evaluation of biosensor response.
Effect of operating potential on biosensor response
For amperometry, a suitable operating potential is important in obtaining the best response from the biosensor. For a biosensor based on a hydrophilic membrane such as pHEMA, an optimum potential of -100 mV was obtained, where for the less hydrophilic membranes of HB91 and HB82, an optimum operation potential phenol, catechol, p-cresol, 4-chlorophenol and 4-chloro-3-methylphenol. The linear response curve of each biosensor to these phenolic compounds is depicted in Figs. 5(a) to 5(c). Using the response slope of biosensor from pHEMA membrane, i.e. the most hydrophilic membrane for comparison, it can be seen that as the hydrophilicity of the membrane decreased to that of HB82, there was a decrease of two to three folds in the sensitivity of the biosensor towards catechol, phenol and p-cresol. But the sensitivity of chlorophenols was either maintained or increased by three folds (Table 1 ). This showed that the decrease in the hydrophobicity of the biosensor membrane can lead to improved response to chlorophenols when compared to other phenolic compounds.
In generally, biosensors constructed from methacrylic-acrylic membranes were more sensitive to p-cresol and the chlorophenols when compared with phenol or catechol, where catechol gave the lowest response (Fig. 6) . However, the pattern of sensitivity to phenolic compounds is quite similar for all three types of methacrylic-acrylic membranes (Table 2 ) and this sensitivity pattern is different from those of most biosensors that are based on immobilization of tyrosinase in other materials.
For multiwalled carbontube-Nafion 6 and sol-gel silicate/Nafion composite, 1 graphite-epoxy, 24 sol-gel 25 and calcium carbonate nanoparticles, 26 they generally demonstrated the highest sensitivity towards catechol. This is in contrast to the biosensors from methacrylic-acrylic-based membranes, which were more sensitive to chlorophenols and least sensitive to catechol ( Table 2 ).
The differences in sensitivity among each phenolic compounds might depend on the ability of phenolic compounds to diffuse through the immobilization matrix; hence, the hydrophilicity of the immobilized matrix plays an important role. 19, 27 The insensitivity of the biosensors with methacrylic-acrylic based membranes towards catechol is probably the result of the more of -150 mV was observed (Fig. 4) . This indicates that when the hydrophilicity of the biosensor membrane decreases, the enzymatically-liberated quinone species can be reduced at more negative potential. Thus, altering the hydrophobicity of the membranes will allow a more negative operation potential to be achieved and this can prevent interferences that commonly occurred via oxidation at more positive potentials.
Effects of different biosensor membrane hydrophilicities on the sensitivity of phenolic compounds
The responses of the biosensors with all three types of membranes were recorded using different concentrations of 
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4-Chloro-3-methylphenol > 4-chlorophenol carbon 27 > phenol > 3-chlorophenol > 3-aminophenol > 2,4-dimethylphenol hydrophilic behavior of the catechol when compared with other phenolic compounds investigated here. The incompatibility between the hydrophilic behavior of the substrate and the more hydrophobic immobilization matrix might lead to inaccessibility of the substrate to the enzyme via diffusion. As the current measured from the biosensor is known to be proportional to enzyme concentration and to enzyme specific activity, 25 and since all the biosensors with methacrylic-acrylic membranes have the same tyrosinase loading, one can conclude that the accessibility of catechol to the enzyme is much reduced when the immobilization matrix is less hydrophilic, e.g. HB82 when compared to pHEMA.
The biosensor with less hydrophilic membranes seems to be more sensitive to phenolic compounds with a chlorine atom at the 4-position, e.g. 4-chlorophenol and 4-chloro-3-methylphenol compared with other phenolic compounds. Using electrodes from graphite and epoxy resin as tyrosinase immobilization matrices, phenolic compounds with positions 3 and 4 of the aromatic ring substituted also showed higher sensitivity. This was attributed to the stabilization effect of the substituent groups linked on the enzyme-substrate complex. 21, 28 Apart from hydrophobicity, another factor affecting such behavior was the ability of the analyte to accumulate on the electrode surface. 21 If we judge the result from the immobilization protocol, the observed changes may be due to the conformational alterations within the enzyme in the presence of the immobilization support. 29 
Comparison of the analytical performance of biosensors of different membranes for phenol analysis
The biosensors fabricated from all three types of membranes were subjected to the determination of phenol as the main analyte. Phenol was chosen because of its importance as a toxic and common environmental pollutant. A comparison of the analytical performance of these biosensors towards phenol is depicted in Table 3 . For phenol analysis, a large decrease in the hydrophilicity of the biosensor membrane leads to some deterioration of the biosensor performance. For example, HB82 membrane of least hydrophilicity demonstrated a reduction in the linear response range, increase in response time and detection limit as well as poorer recovery. But in general all three types of biosensors demonstrated satisfactory recovery of phenol from landfill leachate samples and their performance in phenol analysis is correlated well with that using a spectrophotometric method based on 4-aminoantipyrine (4-AAP). In terms of response time, all the biosensors studied in this work showed much faster response when compared with biosensors using pure silica sol-gel or conducting polypyrrole film for the immobilization of tyrosinase, which very often showed response times of 60 -80 s. 5, 30 Operational and long-term stability are criteria considered to be important for a biosensor performance. Biosensors made from pHEMA and HB91 membranes can be used for up to three months, while biosensor from the HB82 membrane lasted for up to 44 days. The loss of response beyond the test duration may be attributed to the complete loss of enzyme activity or electrode fouling caused by accumulation of reaction products. 20, 22 The shorter life-time of the biosensor made from HB82 membrane may be related to the lower hydrophilicity of the membrane, which resulted in less water being retained to maintain the enzyme activity for long term application. However, the long-term stability values of the biosensors based on the photocurable methacrylic-acrylic copolymer membranes were better than the values of those fabricated from pure silicate materials, which lost 50% activity within two weeks. 
Conclusions
The results presented in this work have shown that the use of photocurable methacrylic-acrylic copolymers for tyrosinase immobilization enjoyed several advantages in fabricating biosensors for phenolic compounds. This class of polymer membranes has demonstrated the ability to alter the sensitivity of the tyrosinase based biosensors towards phenolic compounds, a characteristic that is difficult to achieve for the many other types of matrices reported so far. The hydrophilicity of the biosensor membrane can be modified to prevent rapid leaching of the immobilized enzyme and hence there is no necessity to carry out covalent immobilization of enzyme. In spite of the simple fabrication procedure, the phenol biosensor constructed from this class of membrane materials yielded biosensor performance values that were comparable to those reported so far.
